A ring-cavity synchronously-pumped optical parametric oscillator (OPO) is investigated based on periodically poled KTi:OPO4 (PPKTP). The wavelength of the signal wave covers from 1 000 to 1 500 nm, the output power is 32.3 mW, and idler wave spectrum range from 1 800 to 2 500 nm is detected. By inserting a BBO or BIBO crystal respectively, a stable and adjustable range from 450 to 650 nm light is obtained. Three to six wavelengths can be output simultaneously.
Optical parametric oscillator (OPO), as efficient, tunable device for frequency conversion, has been investigated for years. Its spectral coverage extends from the ultraviolet to the infrared, and with its temporal coverage extending from the femtosecond pulse to the continuous wave [1] . Such sources can generate coherent light with outstanding optical quality. Phase matching is important in optical parametric generation. In past years, birefringence phase matching (BPM) could be used to obtain phase matching. In 1962, the technique of quasiphase matching (QPM) was proposed by Bloembergen, and in 1994, through the use of periodically poled nonlinear materials, QPM was brought into reality and had a deeply impact on nonlinear optics [2] . At present, the nonlinear material periodically poled LiNbO 3 (PPLN) and periodically poled KTi:OPO 4 (PPKTP) has been the major roles. PPLN has a large nonlinear coefficient, so it has been widely used since its invention. Compared to PPLN, PPKTP has a lower nonlinear coefficient; however, PPKTP has a relatively lower polarization voltage and larger damage threshold. Furthermore PPKTP is not sensitive to the change of temperature under room temperatures, which makes it suitable for OPO with a high power [3−10] . At present, OPO has been widely used in many fields, such as spectroscopy, medical diagnostics, physical, biophysical, biomolecules research, optical frequency metrology, optical communications etc. In many cases, a laser with single wavelength is not enough. Thus a multi-wavelength laser is necessary. In this paper, we apply intra-cavity frequency doubling technique into a synchronously-pumped OPO. Four to seven wavelengths can be output simultaneously. The spectral characteristics are detected in detail.
The OPO configuration is shown in Fig. 1 . The pump source is a self-mode-locked Ti:sapphire laser with a pulse duration of 150 fs and repetition rate of 76 MHz. L is focusing lens with a focal length of 10 cm. M1, M2, M7, and M8 are concave mirrors, with a radius of curvature R=100 mm, and a PPKTP crystal is placed near the common focus of M1 and M2. M3-M6 are plane mirrors. All the reflective mirrors are chirped mirrors with high reflectivity from 1 000-to 1 500-nm coating. M3 and PPKTP are both mounted on translation stages for optimizing the laser operation. The length of cavity is about 394 cm according to the repetition rate of pump. By collimating the mirrors and fine tuning the cavity length, the parametric oscillation is obtained.
First of all, without BBO or BIBO crystal, fixing the pump wavelength on 800 nm and varying the pump power, the output power is measured. To filter pump light, a plane mirror with a high reflectivity from 700 to 900 nm is placed before the power meter. Figure 2 shows the result, which shows that the output power is generally proportional to the pump. The maximal The corresponding slope efficiency is estimated to be about 27%, however, the pump threshold is relatively high for the introduction of a coupled cavity. The signal wave and idler wave's spectra are measured, as shown in Fig. 3 . Figure 3 (a) shows the spectra of signal waves, whose wavelength cover from 1 000 to 1 500 nm at near-infrared region, the corresponding idler waves' wavelengths covering from 1 700 to 4 000 nm from nearinfrared to mid-infrared range. Figure 3(b) shows part of spectra of the idler waves. Due to the limitations of spectrometer, the idler waves' spectra range beyond 2 500 nm cannot be displayed. It is noteworthy that signal waves can be tuned by cavity length tuning. In a specific range of cavity length, we can obtain a broad spectrum as shown in Fig. 4 , from which the full-width at half-maximum (FWHM) of the spectrum can be deduced to be about 90 nm, which supports generation of a 30-fs pulse with a Gaussian approximation. However, though the spectrum is not regular, and the intra-cavity dispersion is not clear, the pulse duration entails further determination.
We further introduce a nonlinear crystal to get the second harmonic of the signal wave. The nonlinear crystal is located near the common focus of M7 and M8. In the experiment, three crystals are used in succession, including two BBO crystals and one BIBO crystal. The BBO crystals are cut for type-I phase matching with high transmission coating from 1 100 to 1 400 nm with a dimension of 4×4×2 (mm), and the cut angle are θ=21.2
• , ϕ=0 and θ=29.2
• , ϕ=0 respectively. After fine tuning the cavity, the second harmonic of the signal wave is obtained. Figure 5 shows the spectra of the second-harmonic generation (SHG) with BBO crystal with cut angle of θ=21.2
• , ϕ=0. In Fig. 5 , the wavelength near 800 nm is the pump, and the wavelength near 400 nm is the second harmonic of the pump. The SHG of signal wave can be tuned from 450 to 650 nm. However the wavelength of 450 nm is not the SHG of signal, instead, it is the sum frequency of pump wave and signal wave.
In Fig. 5 , we also find quite a few spectra have two or more peaks. We consider it is due to the complex nonlinear process in the PPKTP crystal, which justifies more wavelengths' generation besides signal, idler and their SHG. In our experiment, the sum frequency of pump wave and signal wave, the sum frequency of pump wave and idler wavelength, even the third harmonic of the signal wave can be observed, which is due to the phase matching in a definite environment. So corresponding to a definite cavity length, three to six wavelengths will be generated simultaneously, in which four are controllable, and the other three appear randomly with environmental change. If the cavity length is tuned in more precisely, a smoother wavelength shift can be obtained.
Subsequently, we replace the BBO with another BBO with different cut angles, as shown in Fig. 6 . Though the cut angle is different from the previous BBO crystal, the tuning range of SHG is very similar. However, the wavelength shift with cavity length tuning is not same. We think this is due to the different phase matching condition of two BBO crystals. Corresponding to the same cavity length mismatch, different wavelength in BBO crystal meets the phase matching, thus different SHG is generated. Furthermore, the tuning range of SHG is determined by the signal wave, which is the same to the BBO crystal, thus the tuning range of the SHG is almost the same.
Finally, we replace BBO with BIBO with a cut angle Fig. 6 . SHG spectra using BBO with a cut angle of θ=29.2 • , ϕ=0. Fig. 7 . SHG spectra using BIBO with a cut angle of θ=151.2
• , ϕ=90
• .
of θ=151.2
• , and the SHG of signal waves are shown in Fig. 7 . Its tuning range is similar to that using BBO crystal, and the tuning characteristic with cavity length mismatch is different from that using BBO crystals. We also think it is due to the different phase matching conditions between BBO and BIBO. Attributed to the different nonlinear efficiency between 1 000 and 1 500 nm, the output power of the visible light is different when using different crystal for SHG.
We also note that the SHG of signal wavelength only reaches about 650 nm, not near 750 nm although the signal wave covers from 1 000 to near 1 500 nm. We consider this is because the BBO/BIBO crystal, which is designed for the wavelength of near 1 200 nm, cannot satisfy the phase matching condition. If replace them with a crystal working in 1 400 nm, we believe the wavelength from 650 to 750 nm can also be output. Another factor accounts for the lack from 650 to 750 nm is that the signal wave from near 1 300 to 1 500 nm is relative low compared with the wavelength of near 1 200 nm.
In conclusion, a multi-wavelength synchronously pumped OPO based on PPKTP is demonstrated. The OPO is in ring cavity arrangement and the maximal output power is 32.3 mW, at pump power of 727.7 mW. Three nonlinear crystals are used in succession for frequency doubling the signal wavelength. A femtosecond pulse whose spectrum extends from 450 to 650 nm (SHG of signal wave, visible), from 1 000 to 1 500 nm (signal wave, near infrared), and from 1 700 to 4 000 nm (idler wave, near infrared-mid infrared) is obtained. All the wavelengths can be accurately tuned by cavity length adjustment. Due to the nonlinear process in PPKTP or BBO/BIBO crystal, three to six wavelengths can be output simultaneously. We believe this multi-wavelength OPO system will benefit those spectroscopic applications where multi-wavelength light source is desired.
